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recording  are  executed  in  real  time  during  the  measurement  procedure 
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WIDEBAND  HF  CHANNEL  PROBER:  SYSTEM  DESCRIPTION 


BACKGROUND 

The  high-frequency  (HF)  (2-  to  30-MHz)  extended-line-of-sight  (ELOS)  channel  is  a  linear, 
time-variant,  multipath  channel.  The  primary  multipath  components  consist  of  a  vertically  polarized 
surface-wave  propagation  mode  and  a  variety  of  single-  and  multiple-hop  E-  and  F-Iayer  sky-wave 
reflection  modes.  The  HF  band  has  a  number  of  attributes  which  have  made  it  attractive  for  Navy 
intra-task-force  (ITF)  communications.  Primary  among  these  are  that  the  surface-wave  mode  is  broad¬ 
band,  is  capable  of  reliable  communication  over  task-force  distances,  and  yet  is  essentially  local  in  cov¬ 
erage.  Another  important  attribute  of  the  HF  ELOS  channel  is  that  the  surface  wave  and  sky  wave  are 
independent  but  complementary  channels,  and  this  factor  can  be  exploited  to  improve  link  availability. 
In  contrast  to  satellite  links,  the  HF  ELOS  channel  does  not  require  centralized  nodes  which  could  be 
vulnerable  to  attack.  Finally,  a  vast  amount  of  experience  with  HF  equipment  and  operational  tech¬ 
niques  already  exists  in  the  fleet. 

The  HF  band  has  certain  negative  attributes  which,  in  the  past,  have  led  to  a  search  for  alterna¬ 
tives  for  fleet  communications.  These  include  requirements  for  large  antennas,  strong  interaction 
between  transmitting  and  receiving  facilities  aboard  a  single  naval  vessel,  a  crowded  and  noisy  spec¬ 
trum,  and  multipath  interference,  in  addition,  the  sky-wave  modes  arc  essentially  global  in  coverage  (a 
negative  factor  in  ITF  communication)  and  depend  for  their  existence  upon  the  ionosphere,  a  highly 
variable  and,  in  some  geographical  locations,  a  highly  unreliable  propagation  medium.  Despite  these 
drawbacks,  the  positive  factors  associated  with  the  surface-wave  mode,  the  complementary  aspects  of 
the  sky-wave  modes,  the  potential  for  distributed  networking,  and  the  potential  for  alleviating  spectrum 
congestion  through  the  use  of  spread-spectrum  techniques  have  all  contributed  to  the  emergence  of  HF 
as  the  communication  band  of  choice  for  the  ITF  application. 

The  anticipated  use  of  spread-spectrum  modulation  techniques  highlights  the  importance  of  a 
large  coherence  bandwidth  for  the  channel.  The  surface  wave  over  a  highly  conducting  surface  is 
inherently  t.oadband,  and  this  represents  one  of  its  most  attractive  features.  Measurements  of 
surface-wave  dispersion  and  associated  coherence  bandwidth  are  sparse.  Measurements  that  are  avail¬ 
able  (1)  indicate  a  lower  bound  for  the  coherence  bandwidth  on  the  order  of  0.8  MHz.  This  result  is 
based  on  a  limited  set  of  measurements  taken  under  a  limited  set  of  environmental  conditions  An 
extended  set  of  measurements  at  all  HF  frequencies  and  under  a  variety  of  environmental  conditions 
and  geometrical  configurations  is  required  to  define  completely  the  performance  capabilities  of  the 
channel.  The  HF  Channel  Prober  will  provide  a  characterization  of  the  channel  to  a  bandwidth  of  1 
MHz. 

Surface-Wave  Made 

The  surface-wave  component  is  present  at  all  times,  and  its  attenuation  depends  strongly  upon 
water  temperature,  salinity,  sea  state,  and  radio  frequency,  with  higher  frequencies  suffering  more 
attenuation  12]..  Curves  of  basic  transmission  loss*  (BTL)  vs  range,  based  on  calculations  by  Barrick  (2] 
for  a  smooth  sea  (conductivity  —  4  S/m),  and  for  selected  frequencies  in  the  HF  band,  are  shown  in 
Fig.  1,  A  comparison  of  these  results  with  the  free-space  BTL  at  frequencies  of  3,  10,  and  30  MHz  is 
shown  in  Fig.  2,  The  results  aie  surprising  in  that  the  surface-wave  attenuation  remains  iose  to  the 

Manuscript  approved  July  20,  1982. 

•Basic  transmission  toss  is  defined  as  the  ratio  of  transmitted  to  receive  power  when  isotropic  antennas  are  used  at  both  sites 
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Fig- 1  -  Ground-wave  baak  transmission  loss  Tor  finitely  conducting  smooth  sea; 
vertical  polarization,  conductivity  *  4  S/m 


Bask  transmission  loss:  ground-wave  vs  Tree-space  loss 
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free-spae:  value,  especially  at  the  lower  frequencies,  out  to  ranges  of  the  order  of  several  hundred 
kilometers. 

Aside  from  sea  conductivity  and  factors  affecting  ducting,  the  single  most  important  variable 
affecting  surface-wave  propagation  is  sea-surface  roughness.  Waves  on  the  sea  surface  serve  to  scatter 
energy  out  of  the  direct  wave  and  into  other  modes,  including  evanescent  waves.  The  effect  of  this 
scattering  is  to  contribute  to  enhanced  signal  attenuation,  multipath  signal  dispersion,  and  direct-path 
dispersion. 

Scattering  by  surface  waves  occurs  by  the  mechanism  of  Bragg  resonant  scatter.  It  is  a  well- 
known  result  that  gravity  waves  on  the  sea  must  have  a  wavelength  at  least  one  half  the  radio 
wavelength  in  order  to  contribute  to  the  real  scattering  of  energy  out  of  the  incident  wave.  A  prevailing 
wind  over  the  ocean  produces  a  spectrum  of  waves  from  wavelengths  of  the  order  of  centimeters  to  a 
maximum  wavelength  determined  by  the  wind  velocity.  The  maximum  wavelength  is  achieved  in  a 
fully  developed  sea  in  which  the  wind  has  been  sustained  over  a  sufficiently  long  distance  (fetch)  and 
for  a  sufficiently  long  time.  This  relationship  is  summarized  in  Fig.  3,  which  graphs  maximum 
wavelength  in  meters  vs  wind  velocity  in  knots.  Combining  this  result  with  the  previously  mentioned 
requirement  that  the  water  wavelength  must  exceed  half  the  radio  wavelength  for  real  energy  scatter 
leads  to  a  relationship  between  wind  velocity  (or  sea  state)  and  the  lowest  frequency  susceptible  to 
scatter.  The  results,  in  Fig.  4,  show  that  for  a  wind  velocity  of  5  knots  only  frequencies  above  35  MHz 
are  scattered.  At  a  wind  speed  of  10  knots  (sea  state  2)  all  frequencies  above  9  MHz  are  influenced  by 
Bragg  resonant  scatter,  but  those  below  9  MHz  are  not  significantly  scattered.  For  a  wind  speed  of  20 
knots  (sea  state  4)  the  entire  HF  band  is  affected  by  scatter  of  energy  out  of  the  beam. 


Fig.  3  —  Longest  wavelength  vs  wind  velocity  for  gravity 
waves  on  the  sea  surface 


Fig.  4  —  Lowest  frequency  subject  to  Bragg  resonant  scatter 
vs  wind  velocity 
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The  effect  of  sea  roughness  on  surface  wave  attenuation,  as  calculated  by  Barrick  [2],  for  frequen¬ 
cies  of  3,  5,  10,  and  20  MHz,  is  given  in  Figs.  5  to  8.  Measurements  by  Hansen  (3]  over  a  235-km  sea 
path  generally  tend  to  confirm  Barrick's  path-loss  calculation,  except  at  frequencies  above  20  MHz.  It 
is  presumed  that  these  discrepancies  are  due  to  ducting,  a  not  uncommon  phenomenon  in  southern 
California,  where  the  measurements  were  made.  Some  of  Hansen's  results  are  reproduced  in  Fig.  9. 
Additional  results  are  available  from  the  Teal  Wing  experiments  HI,  which  also  tend  to  confirm 
Barrick's  calculations.  Barrick’s  results  (shown  in  Figs.  5  to  8)  generally  confirm  the  predictions  of  the 
previous  paragraph  regarding  wind  conditions  required  for  significant  surface  scattering  effects. 
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Ft*  5  -  Added  trinsmisston  km  due  to  wt  Mate  it  3  MHz  (from  Barrick  [21. 
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Fi*.  6  -  Added  transmission  toss  due  to  sea  state  at  5  MHz  (from  Barrick  |2l, 
6  American  Geophysical  Union) 
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Fig.  2  —  Added  transmission  loss  due  to  sea  state  at  20  MHz  (from  Barrick 
121,  e  American  Geophysical  Union) 
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Fig.  9  -  Avenge  received-iigiul  strength  corrected  for  sea  state 
(adapted  from  Hansen  (3),  c  American  Geophysical  Union) 

Sea  roughness  can  cause  signal  dispersion  as  well  as  signal  attenuation.  Dispersion  has  two  main 
sources:  (1)  frequency-dependent  modification  of  the  propagation  characteristics  of  the  medium  and  (2) 
development  of  a  diffuse  component  resulting  from  energy  scatter  out  of  the  transmitted  wave  and  in 
the  direction  of  the  receiver.  The  former  results  in  dispersion  of  the  specular  component.  The  latter, 
causes  dispersion  by  providing  a  multipath  continuum.  Conditions  required  for  scatter  are  governed  by 
the  parameters  summarized  in  Fig.  4. 

Sky-Wave  Modes 

Sky  wave  modes  propagate  by  reflection  (more  accurately  refraction)  in  the  underside  of  the  iono¬ 
sphere,  where  the  refractive  index  depends  on  frequency  and  electron  density.  The  ionosphere  may  be 
characterized  in  terms  of  a  plasma-frequency  height  profile.  The  plasma  frequency  is  a  characteristic 
bulk  oscillation  frequency  of  the  medium  and  is  proportional  to  the  square  root  of  the  local  electron 
density.  For  vertical  incidence,  it  defines  me  highest  frequency  that  will  be  reflected  by  the  electron 
plasma  at  that  height. 

The  lower  ionosphere  is  composed  of  D,  E,  FI,  and  F2  layers.  The  layers  impart  characteristic 
features  to  the  ionospheric  profile,  such  as  a  ledge,  an  inflection  point,  or  a  localized  peak  value  of  elec¬ 
tron  density.  The  different  layers  are  associated  with  different  solar-radiation  bands,  different  ionic  con¬ 
stituents,  and  different  physical  processes  predominating  in  their  formation.  Each  layer  is  usually  asso¬ 
ciated  with  an  identifiable  group  of  radio  waves  reflected  at  the  altitude  where  the  layer  predominates. 
Such  groups  are  characterized  as  E-,  F1-,  or  F2-layer  modes.  Modes  that  experience  multiple 
reflections  along  the  transmission  path  are  labeled  multihop  modes. 

A  representative  ionospheric  electron-density  profile  for  summer,  daytime,  mid-latitude  conditions 
is  shown  in  Fig.  10.  The  profile  is  characterized  by  an  ordinary  E  layer,  at  a  height  of  HO  km,  with  an 
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Fi«.  10  -  Representative  electron-density  profile 


associated  critical  frequency,  /0 E,  (peak  plasma  frequency)  of  3 .5  MHz;  an  FI  layer  at  ISO  km  with  a 
critical  frequency,  /oFl,  of  4.9  MHz;  and  an  F2-layer  peak  at  300  km  with  a  critical  frequency,  /oF2,  of 
8  MHz.  A  simple  ray-trace  through  this  ionosphere  using  a  radio  frequency  of  10  MHz,  for  elevation 
angles  between  0°  and  90®  at  1®  intervals,  is  shown  in  Fig.  11.  This  ray-trace  serves  to  illustrate  several 
important  phenomena  associated  with  sky-wave  propagation  The  radio  frequency  of  10  MHz  exceeds 
the  highest  plasma  frequency  in  the  ionosphere.  /0F2,  and  hence,  at  sufficiently  large  elevation  angles, 
the  wave  is  capable  of  piercing  the  ionosphere  and  escaping  Earth's  environs.  The  phenomenon  of 
"skip"  is  also  illustrated  in  Fig.  11,  in  that  no  rays  arc  returned  to  the  surface  at  ranges  less  than  750 
km.  This  phenomenon  is  related  to  the  piercing  of  the  ionosphere,  since  it  is  the  high-clevation-angle 
rays  which,  were  they  not  to  escape,  would  be  reflected  and  returned  at  the  shorter  ranges.  The  surface 
point  labeled  A  in  Fig.  1 1  is  interesting,  in  that  it  shows  the  presence  of  a  one-hop  E-layer  mode  and  a 
one-hop  F2-layer  mode  at  the  same  point.  This  illustrates  the  multimode  nature  of  the  HF  channel,  in 
that  both  modes  contribute  to  the  signal  measured  by  a  receiver  at  point  A.  Point  B  of  Fig.  1 1  illus¬ 
trates  another  HF  sky-wave  propagation  phenomenon  of  interest  to  communicators.  This  is  the  pres¬ 
ence  of  two  single-hop  F2*layer  modes  at  point  B,  the  low  ray  and  the  high  ray.  The  high  ray  tends  to 
be  substantially  more  dispersed  than  the  low  ray,  because  it  propagates  to  a  greater  height  in  the  iono¬ 
sphere,  where  the  refractive  index  and  group  velocity  are  smaller  and  are  more  sensitive  to  small 
changes  of  frequency.  From  the  point  of  view  of  the  communicator,  the  high  ray  is  usually  of  little 
interest,  except  for  its  deleterious  effect  on  the  reception  of  other  modes. 


Fig  11  -  Two-dimensional  ray -(race  through  the  ionosphere  of  Fig  10 
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Another  factor,  not  evident  from  Fig.  1 1,  is  that  the  high  and  low  rays  merge  at  the  skip  distance. 
This  leads  to  a  phenomenon  called  skip  focusing.  It  should  be  noted  that,  at  the  skip  distance  illus¬ 
trated,  10  MHz  is  the  maximum  useable  frequency  (MUF).  Any  frequency  higher  than  10  MHz  that  is 
reflected  would  suffer  less  refraction  and  therefore  would  be  returned  at  a  greater  range.  In  other 
words,  the  skip  distance  increases  with  frequency.  Alternatively,  for  a  given  ionosphere,  the  MUF 
increases  with  range.  For  the  short  ranges  involved  in  the  intra-task-force  application,  the  MUF  is  only 
fractionally  greater  than  the  critical  frequency  of  the  layer.  Hence,  frequencies  substantially  greater 
than  the  F2-laycr  critical  frequency  will  not  propagate  via  sky  wave. 

One  other  form  of  multipath  propagation  that  can  be  of  importance  in  wideband  modulation  sys¬ 
tems  is  polarization  multipath.  Characteristic  modes  in. the  ionosphere  consist  of  the  elliplically  polar¬ 
ized  propagation  modes,  the  ordinary  and  the  extraordinary.  These  modes  propagate  with  distinct  group 
velocities  and  can  be  received  as  two  separate  signals.  The  delay  can  be  of  the  order  of  several  tens  of 
microseconds,  which  is  easily  detected  in  high-resolution  sounder  systems. 

Sky-wave  attenuation  has  three  main  causes,  free-spacc  spreading,  focusing-defocusing  effects, 
and  D-layer  absorption.  The  first  factor  is  self-explanatory,  while  the  second  factor  is  related  to  the 
lenslike  focusing  effects  of  plasma  rarefactions  and  the  defocusing  effects  of  plasma  density  enhance¬ 
ments.  Focusing-defocusing  effects  are  related  to  the  nonuniform  electron-density  profile  of  the  iono¬ 
sphere.  Focusing  effects  tend  to  occur  for  waves  that  are  refracted  in  regions  of  the  ionosphere  that 
have  concave  local  height  profiles,  while  defocusing  effects  occur  in  regions  of  convex  profiles.  The 
high  ray  discussed  earlier,  for  example,  typically  is  reflected  in  a  region  of  the  ionosphere  where  the 
profile  is  convex. 

The  D  layer  is  a  region  of  electron  density  at  heights  below  90  km  where  the  neutral  density  is 
sufficiently  high  to  provide  strong  electron-neutral  interaction  and,  as  a  consequence,  strong  elec¬ 
tromagnetic  energy  absorption.  The  D-layer  ionization  is  produced  mainly  by  hard  solar  x  rays  and,  at 
the  lower  altitudes,  by  solar  cosmic  rays.  D-layer  absorption  is  a  Jaytime  phenomenon  and.  as  with  E- 
and  FI -layer  effects,  shows  a  marked  dependence  on  solar  zenith  angle. 

Examples  of  sky-wave  BTL,  calculated  on  the  basis  of  representative  ionospheric  conditions  and 
assuming  parabolic  ionospheric  layer  shape  (4],  have  been  calculated  for  summer  and  winter  nighttime 
conditions  (Fig.  12)  and  for  winter  daytime  conditions  (Fig.  13).  The  ionospheric  conditions  are 
representative  of  a  Zurich  sunspot  number  of  I3S,  and  the  daytime  results  refer  to  a  solar  zenith  angle 
of  20°.  Each  layer  is  characterized  in  the  figure  legend  by  the  layer  height,  the  layer  thickness  and  the 
layer  critical  frequency,  in  that  order.  In  Fig.  12,  nighttime  conditions  are  postulated  and  only  an  F2 
layer  needs  to  be  defined.  The  BTL  for  nighttime  conditions  shows  very  little  dependence  on  range  and 
only  a  mild  dependence  on  layer  height  and  layer  shape. 

Sky-wave  attenuation  for  daytime  conditions  (Fig.  13)  is  substantially  more  complicated  because 
of  the  more  complex  electron  density  profile  as  well  as  the  presence  of  D-layer  absorption.  The  BTL 
for  winter  daytime  conditions  requires  that  the  ionosphere  be  described  in  terms  of  two  parabolic  layers, 
an  E  layer  and  an  F2  layer,  as  well  as  a  D  layer.  D-layer  absorption  is  defined  by  a  model  representa¬ 
tive  of  Zurich  sunspot  number  135  (4).  The  BTL  curves  for  this  case  show  a  pronounced  dependence 
on  range.  This  is  because  the  longer  transmission  ranges  correspond  to  lower  elevation  angles  and, 
therefore,  longer  D-layer  path  lengths.  Curves  for  5.5  MHz  (one-hop,  E)  and  11  MHz,  (one-hop.  F2> 
start  at  a  range  of  500  km.  Shorter  ranges  lie  within  the  skip  distance  for  these  frequencies. 

Curves  from  Figs.  1,12,  and  13  are  combined  in  Figs.  14  and  15  to  compare  BTL  for  the  ground 
wave  over  a  smooth  sea  and  the  sky  wave  for  day  and  nighttime  conditions.  These  curves  are  meant  to 
be  representative  and  indicate  that,  during  the  daytime,  ground-wave  signals  predominate  at  all  ranges 
of  interest  for  frequencies  lower  than  6  MHz.  At  night,  a  range  of  300  km  represents  a  rough  dividing 
line  for  regions  of  dominance  of  sky  wave  and  ground  wave. 


8 


NRL  REPORT  8622 


AROftiNO 

layer 

LAVER 

critical 

LAYER  ID 

frequency 

HEIGHT 

thkkncm 

FREQUENCY 

<NH|) 

(fan) 

llunl 

IMMI) 

— 1  -HV  U  LAYER, 

WINTER  NIOHT 

t  s 

400 

90 

40 

i*ho#  rt  layer, 

tUMMCM  W4MT 

4*9 

350 

49 

419 

Fig.  12  -  Sky-wave  bask  transmission  loss,  representative 
ntghtiime  conditions 


WINTER  0ATT1ME  nnoriLi 


LAVER  10 

LAVER 

HEIGHT 

4m 

LAVER 

THIOMEH 

kai 

pr^r-rM 

M3B| 

C -LAVER 

no 

to 

■m 

« -LAVER 

ISO 

H 

*.» 

i 

M 

§ 


too 

110 


I  160 
u 

|  1*0 

■ 

200 

220 


rromw 

racouc~.r  mooc 


-I - 1 - L - L  l  i 

100  200  300  400  500  600 


RANGE  U«) 


Fig  1J  —  Sky-wave  basic  transmission  loss,  representative 
winter  daytime  conditions 


BASIC  TRANSMISSION  LOSS  UK 


WAGNER,  GOLDSTEIN,  AND  CHAPMAN 


RANGE  (km) 

Fig.  14  —  Bask  transmission  loss  for  ground  wave  over  a  smooth  sea  vs  sky  wave  Tor 
winter  daytime  conditions 


- - ESMHi,  WINTER  NtCMT 

—  — 4*5  MW,  SUMMER  MKSHT 


NRL  REPORT  8622 


CHANNEL-PROBER  INSTRUMENT 
Approach 

The  Wideband  HF  Channel  Prober  program  is  designed  to  provide  measurements  for  a  detailed 
description  of  the  w'jeband  (1-MHz),  HF  (2-  to  30-MHz)  intra-task-force  communication  channel. 
Channel  characteristics  of  interest  include: 

•  mode  structure, 

•  delay  power  spectrum  of  individual  modes, 

•  signal  doppler  shift  and  doppler  spread,  and 

•  Ml  statistics. 

A  though  description  of  the  channel  requires  measurements  over  a  wide  variety  of  atmospheric  and 
sea-state  conditions  as  well  a:.  over  a  variety  of  jecmetries  and  antenna  configurations. 

The  approach  has  beer  to  construct  a  broadband  radio  sounder  capable  of  recording  the  channel 
response  to  a  short  pulse  i5].  Measurements  are  made  continuously  for  a  period  of  time  over  which  the 
channel  statistics  are  presumed  stationary.  Data  selection  and  recording  are  executed  in  real  time  dur¬ 
ing  the  measurement  period. 

To  exploit  fully  the  average  power  capabilities  of  most  transmitters  while  still  probing  the  medium 
with  a  narrow  effective  pulse,  a  coded,  pseudo-noise  (PN),  binary  sequence  is  used  as  a  modulation  sig¬ 
nal.  The  period  of  the  PN  sequence  is  made  comparable  with  the  reverberation  time  of  the  channel 
which,  in  this  case,  has  been  estimated  at  8  ms.  The  pulse  (chip)  duration  has  been  chosen  to  be  con¬ 
sistent  with  the  bandwidth  requirements  of  the  probing  signal,  and  the  pulse  duty  factor  has  been 
chosen  to  be  within  the  duty  factor  constraints  of  certain  high-power  radar  transmitters  known  to  be 
available  for  use.  Correlation  processing  in  the  receiver  over  the  entire  set  of  time  delays  spanning  the 
channel  reverberation  time  leads  to  the  complete  recovery  of  the  channel  pulse  response.  A  functional 
block  diagram  of  the  Wideband  HF  Channel  Prober  is  shown  in  Fig.  16. 

The  Wideband  HF  Channel  Prober  is  designed  to  operate  in  one  of  two  different  bandwidth 
modes.  The  narrowband  Sounder  mode  involves  a  system  bandwidth  of  125  kHz.  The  data  rate  in  this 
mode  is  within  the  real-time  capabilities  of  the  system,  so  that  all  correlator  output  samples  are  pro¬ 
cessed  and  stored.  The  Sounder  mode  provides  data  for  characterizing  the  ionospheric  medium  in  a 
conventional  manner  and  for  preparing  the  system  to  cope  with  the  flood  of  data  generated  in  the  wide¬ 
band,  1-MHz  mode.  In  addition.  Sounder-mode  data  are  useful  in  those  applications  for  which  125- 
kHz-bandwidth  data  suffice.  Correlation  processing  in  the  Sounder  mode  provides  a  nominal  24  dB  of 
processing  pin. 


Fig  16  —  Wideband  HF  Channel  Prober  fundional  block  diagram 
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In  the  Prober  mode,  channel  characteristics  are  examined  with  a  1-MHz  resolution  bandwidth. 
Data  are  generated  at  eight  times  the  rate  of  the  Sounder  mode.  To  cope  with  the  increased  data  rate 
from  the  correlator,  the  real-time  processor  must  define  "time  windows"  during  which  signal  informa¬ 
tion  is  expected.  The  placement  of  these  windows  is  based  on  data  acquired  during  earlier  Sounder- 
mode  data  sampling.  Data  generated  outside  of  these  time  windows  are  ignored  by  the  real-time  pro¬ 
cessor,  Correlation  processing  in  the  Prober  mode  provides  a  nominal  processing  gain  of  33  dB. 

The  slowest  element  in  the  data-processing  chain,  and  therefore  the  one  which  limits  data 
throughput,  is  the  magnetic  tape  recorder.  Magnetic  tape  was  chosen  as  the  medium  of  data  storage 
because  of  its  large  capacity,  ease  of  handling  and  storage,  and  economy.  The  magnetic-tape  recorder  is 
a  nine-track  machine  which  operates  at  a  speed  of  45  in./s  UPS)  (1 14.3  cm/s)  and  at  a  density  of  800 
bits/in.  (bpi)  (315  bits/cm).  This  results  in  a  maximum  write  rate  of  36,000  bytes/s.  In  tests,  the 
Wideband  HF  Channel  Prober  magnetic-tape  unit  has  been  successfully  operated  at  an  average  write 
rate  of  31,000  bytes/s. 


Signal  Characteristics 


The  waveform  of  the  PN  sequence  modulation  signal  is  shown  in  Fig.  17,  The  waveform  consists 
of  a  pulsed  PN  sequence  repeating  approximately  every  8  ms  (the  channel  reverberation  time).  The 
pulse  width  (chip  width)  defines  the  signal  bandwidth.  Detailed  specifications  of  the  signal  waveform 
for  both  the  Sounder  mode  and  the  Prober  mode  are  given  in  the  table  included  in  Fig.  17,  The 
specifications  for  the  Prober  mode  lead  to  a  PN  sequence  consisting  of  2047  chips  derived  from  an  1 1- 
stage  maximal-length  PN  sequence.  For  the  Sounder  mode,  the  corresponding  number  of  chips  is  255, 
and  the  sequence  is  derived  from  an  8-stage  maximal  length  PN  sequence.  In  Fig.  17,  the  sequence 
repetition  period  (Tt)  is  the  number  of  chips  ( N )  times  the  pulse  repetition  period  ( T ).  The  use  of  a 
25%  duty  factor  serves  a  dual  purpose:  (I)  it  makes  the  signal  compatible  with  available  high-power 
transmitters  and  (2)  it  reduces  the  number  of  chips  in  the  PN  sequence  for  a  given  bandwidth  and 
repetition  period.  The  latter  consideration  is  of  great  importance  in  terms  of  the  required  size  and 
speed  of  the  correlation  processor  at  the  receiver. 
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The  required  speed  for  the  digital  logic  in  the  correlation  processor  is  set  by  the  requirements  of 
Prober-mode  real-time  operation.  In  this  mode,  a  sample  of  the  pulse  response  must  be  evaluated 
every  0.5  ns  of  delay  over  the  8.188-ms  repetition  interval.  This  corresponds  to  a  total  of  16376  sam¬ 
ples  and  therefore  to  a  total  of  16376  separate  correlations.  Each  correlation  requires  essentially  2047 
additions  for  a  total  of  32  x  106  digital  operations  per  pulse  response.  Since  the  receiver  splits  the 
received  signal  into  the  in-phase  (1)  and  the  quadrature  (Q)  components,  the  number  of  digital  opera¬ 
tions  per  response  is  doubled.  Completion  of  64  x  106  digital  “adds"  in  an  8-ms  period  requires  a 
digital-logic  cycle  time  of  the  order  of  0. 1  ns,  which  was  deemed  unachievable  and  impractical  for  the 
channel-prober  experiment.  As  a  "fallback"  position,  the  correlator  designer  (CNR  Inc.)  decided  to  pro¬ 
cess  one  eighth  of  the  correlation  samples  (one  frame  of  data)  during  a  single  8-ms  reverberation  inter- 
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val  and  lo  cxcculc  half  of  the  sums  in  a  preprocessor.  This  approach  reduced  the  logic  speed  require¬ 
ments  to  a  value  of  2  ns,  which  was  deemed  practical  with  currently  available  digital  logic.  It  did,  how¬ 
ever,  necessitate  eight  repetitions  of  the  signal  waveform  for  a  complete  definition  of  the  pulse 
response.  During  each  frame,  2047  equally  spaced  0.5-^ts  samples  are  evaluated.  In  subsequent  frames 
the  remaining  interleaved  samples  are  evaluated  as  in  a  sampling  scope. 

The  correlator  that  was  finally  produced  used  a  logic  clock  rate  of  8  MHz  with  an  associated  cycle 
lime  of  125  ns.  The  logic  time  was  reduced  to  2  ns  through  the  use  of  parallel  logic,  resulting  in  a  sys¬ 
tem  consisting  of  64  parallel  correlators,  32  operating  on  the  I  channel  and  32  operating  on  the  0  chan¬ 
nel.  The  significance  of  the  use  of  a  25%  duty  factor  together  with  a  I -MHz  bandwidth  is  readily  per¬ 
ceived  at  this  point,  since  a  100%  duty  factor  would  have  resulted  in  a  PN  sequence  four  times  the  size 
of  that  used  and  an  overall  processing-speed  requirement  four  times  that  proposed.  This  would  have 
required  either  digital  logic  capable  of  a  32-MHz  rate  or  else  8-MHz  logic  with  256  parallel  correlators 
split  evenly  between  the  I  and  Q  channels.  Neither  of  these  alternatives  was  considered  practical. 

Experiment  Format 

The  basic  format  for  the  channel-prober  experiment,  as  presently  conceived,  is  to  start  with  a 
Sounder  run  and  then  to  alternate  Prober  and  Sounder  runs.  The  Sounder  run  is  used  to  define  the 
state  of  the  ionosphere.  It  is  also  a  necessary  prerequisite  to  the  Prober  run  to  determine  the  time  win¬ 
dows.  The  Sounder  run  is  relatively  short  and  will  usually  consist  of  a  single  comprehensive  sweep,  in 
100-kHz  steps,  through  the  frequency  range  of  interest. 

Because  of  the  variable  frequency  format,  radio  sounders  require  a  high  degree  of  coordination 
between  operations  at  the  transmitter  and  receiver  sites.  The  coordination  can  be  accomplished  either 
by  a  prescribed  and  relatively  invariant  time  and  frequency  format  or  by  a  communication  link  between 
the  two  sites  for  defining  the  experiment  format.  Conventional  sounders  use  the  former  technique, 
while  the  channel  prober,  which  is  designed  for  more  versatile  operation,  uses  the  latter  technique. 

The  Prober  section  of  the  experiment  may  be  operated  in  a  frequency-scan  format,  in  a  fixed- 
frequency  format,  or  in  a  combination  of  both  formats.  Since  the  HF  bard  is  heavily  used,  there  are 
some  portions  of  the  spectrum  that  must  be  avoided.  In  the  scan  format,  the  frequency  is  stepped 
sequentially  in  1-MHz  steps,  with  care  taken  to  skip  over  proscribed  bands.  The  fixed-frequency  format 
is  used  when  one  desires  to  maintain  phase  coherence  over  longer  time  intervals  as,  for  example,  when, 
one  is  making  doppler  measurements.  As  suggested  above,  a  hybrid  mode,  in  which  one  transmits  for 
several  correlation  cycles  on  a  given  frequency  and  then  switches  to  the  next  frequency,  may  provide 
acceptable  doppler  resolution  while  still  providing  a  frequency-scan  capability. 

The  Prober  mode  is  usually  maintained  over  a  lime  interval  comparable  to  the  time  for  statistical 
stationarity  of  the  channel  characteristics.  This  time  is  estimated,  a  priori,  at  approximately  15  min. 
The  duration  is  sufficient  to  permit  60  complete  scans  through  the  entire  HF  band  when  a  maximum 
integration  of  eight  sequences  is  used.  The  Prober  mode  is  followed  immediately  by  a  Sounder-mode 
run,  and  comparison  with  the  previous  Sounder-mode  run  is  used  to  determine  if  channel  conditions 
have  changed  significantly  during  the  measurement  interval. 

Transmitter 

The  transmitter  block  diagram  is  shown  in  Fig.  18.  Equipment  supplied  as  part  of  the  Wideband 
HF  Channel  Prober  includes  all  blocks  in  Fig.  18  except  for  the  power  amplifier  and  antenna,  which  are 
supplied  by  the  host  facility.  The  channel-prober  system  equipment  occupies  a  single  full-size  rack  plus 
a  hard-copy  terminal  for  the  consol  module,  as  shown  in  Fig.  19,  The  channel-prober  transmuting 
package  can  be  used  with  a  variety  of  wideband  HF  transmitters  and  was  designed  with  transportability 
in  mind. 
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The  transmitter  site  is  equipped  with  a  highly  accurate  frequency  standard,  which  is  the  basis  for 
all  timing  and  frequency  reference  signals  at  the  site.  Prior  to  a  measurement  campaign,  the  frequency 
standards  at  the  transmitter  and  receiver  sites  are  aligned.  Standards  of  sufficient  accuracy  have  been 
chosen  such  that  a  single  calibration  suffices  for  roughly  a  4-week  period.  Criteria  for  judging  the  accu¬ 
racy  of  the  frequency  standards  are  that  the  doppler  shift  be  less  than  the  instrument’s  doppler  resolu¬ 
tion  capability  and  that  the  time  drift  be  sufficiently  small  that  it  is  less  than  a  pulse  width  during  the 
time  of  a  correlation  cycle.  The  former  condition  is  by  far  the  more  stringent  and  calls  for  a  long  tes  m 
frequency  accuracy  of  4  x  10-10  per  month.  The  station  standards  used  are  based  on  rubidium  vapor 
resonance  cells  and  have  a  nominal  long-term  accuracy  of  1  x  10" 11  per  month. 

Experiment  start  at  the  two  sites  is  based  on  a  prescribed  start  time.  Digital  time-code  generators 
at  the  two  sites  are  set  to  WWV  time  transmissions  and  relative  accuracy  is  within  ±  1  ms.  This  is  an 
acceptable  tolerance,  since  it  is  short  compared  with  the  basic  PN  sequence  period  and  is  comparable  to 
transmission  delays  between  transmitter  and  receiver. 

The  major  system  components  at  the  transmitter  site  are  the  timing  module,  the  control  module, 
the  transmitter  exciter,  and  the  host  power  amplifier  and  antenna  system. 

Timing  Module 

The  timing  module  generates  timing  and  modulation  signals  used  in  system  operation.  It  contains 
a  time  comparator  circuit  for  generating  a  "clock  start"  logic  signal  at  the  prescribed  experiment  start 
time.  It  also  generates  the  PN  sequences  used  in  the  binary  phase  shift  key  (BPSK)  modulation  of  the 
transmitter-exciter  carrier  and  the  pulse-modulatio..  signal  for  developing  the  25%  duty  factor.  These 
signals  are  generated  simultaneously  and  continuously  for  both  the  Sounder  and  Prober  modes  of 
operation,  with  the  appropriate  sequence  logically  gated  to  the  exciter  by  control  signals  developed  in 
the  control  module.  At  s  fixed  reference  point  in  each  PN  sequence,  a  reference  pulse  is  supplied  to 
the  control  module.  These  reference  signals  are  treated  as  interrupts  by  the  control  module  and  thereby 
enable  it  to  count  the  number  of  executed  sequences  and  to  control  the  experiment  operation. 

Design  details  of  the  timing  module  are  covered  in  a  separate  report  devoted  to  the  timing  and 
control  modules  for  the  Wideband  HF  Channel  Prober  16]. 

Control  Module 

The  control  module  controls  the  experiment  format  at  both  the  transmitter  and  receiver  sites  in  a 
coordinated  and  synchronized  manner.  It  is  implemented  by  a  microprocessor  (Motorola  model  6802 
MPU)  which  stores  the  frequency  format  and  all  other  experiment  parameters  in  RAM  memory.  The 
frequency  format  and  the  experiment  constants  are  communicated  from  the  remote  receiver  site  where 
experiment  control  is  resident.  The  communications  link  is  via  telephone  circuits. 

Based  on  the  number  of  reference  pulses  received  from  the  timing  module,  the  control  module 
determines  when  to  step  in  frequency,  when  to  switch  modes,  and  when  to  terminate  the  run.  Depend¬ 
ing  on  frequency  and  mode,  the  control  module  supplies  frequency  information,  as  BCD  voltage  levels, 
for  remote  control  of  a  synthesizer  used  as  the  local  oscillator  in  the  exciter  down-converter,  in  addi¬ 
tion,  the  mode  flag  generated  by  the  microprocessor  control  module  is  used  to  gate  the  appropriate 
moc  Mation  signals  to  the  exciter  and  to  switch  filters  according  to  mode.  Reference  pulses  associated 
with  the  Sounder  and  Prober  PN  sequences  are  simultaneously  received  and  one  or  the  other  is  enabled 
as  an  interrupt  according  to  the  prevailing  mode,  as  determined  by  a  flag  in  the  microprocessor. 

Software  and  hardware  details  of  the  control  module  are  described  in  a  separate  report  covering 
design  details  of  the  liming  and  control  modules  [6], 
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Transmitter  Exciter 

The  transmitter  exciter.  Fig.  20,  generates  a  fixed-frequency  (39.5-MHz)  carrier,  which  is  pulse 
and  phase  (BPSK)  modulated  by  the  pulse  train  and  PN  sequence  supplied  by  the  timing  module.  The 
39.5-MHz  carrier  is  generated  by  a  General  Radio  (GR)  model  1 ! 64- A  phase-locked-loop  synthesizer, 
which  is  locked  to  the  5-MHz  station  standard.  The  spurious  discrete  components  of  the  output  are  60 
dB  below  the  fundamental.  The  harmonics  are  at  least  30  dB  below  the  fundamental  at  maximum  out¬ 
put  of  19  dBm  (2  V  rms  into  50  ft)  and  smaller  at  lesser  outputs.  The  modulated  39.5-MHz  carrier  is 
passed  through  a  bandpass  filter  of  bandwidth  1  MHz  or  125  kHz,  depending  on  mode.  The  l-MHz 
filter  is  a  six-pole,  modified  Butterworth  tubular  bandpass  filter  (BPF),  The  125-kHz-bandwidth  filter  is 
a  four-pole,  modified  Butterworth  tubular  bandpass  filter.  The  filters  were  chosen  to  provide  a  suitable 
compromise  between  their  cutoff  characteristics  in  the  frequency  domain  and  the  amplitude  of  their 
sidelobes  in  the  time  domain.  Amplitude  and  phase  characteristics  of  these  filters  are  shown  in  Figs.  21 
and  22.  The  different  paths  for  the  Sounder-  and  Prober-mode  signals  are  suitably  padded  for 
transmitter  output  equalization  to  within  1  dB.  The  filter  output  is  passed  through  a  down-converter 
whose  local  oscillator  frequency  is  determined  by  the  control  module  in  such  a  way  that  the  mixer  out¬ 
put  is  at  the  desired  frequency.  The  local  oscillator  (2nd  LO)  is  a  Programed  Test  Sources  (PTS) 
model  160  direct-frequency  synthesizer,  with  BCD  inputs  for  remote  control  of  frequency  and  with  a 
5-MHz  station  standard  reference  frequency.  The  PTS  synthesizer  has  a  nominal  switching  time  of  20 
tis,  discrete  spurious  components  that  are  75  dB  below  the  fundamental,  harmonics  that  are  at  least  35 
dB  below  the  fundamental,  a  noise  floor  of  -135  dB/Hz,  and  phase  noise  of  -63  dBc  in  the  band  0.5 
Hz  to  15  kHz.  The  amplifiers  in  Fig.  20  are  Anzac  models  AM-109  and  AM-127  and  have  iO-dB  gain. 

The  output  of  the  down-converter  is  amplified  and  passed  through  a  low-pass  filter  for  attenuation 
of  out-of-band  components.  The  filter  is  a  15-pole  Zobel  type.  The  filter  transfer  characteristic  is 
shown  in  Fig.  23. 

The  exciter  output  pulse  shape  for  Sounder  and  Prober  modes  is  shown  in  Fig.  24.  The  Sounder¬ 
mode  pulse  was  recorded  for  an  exciter  output  frequency  of  25  MHz  and  exhibits  no  discernible  time 
sidelobes.  The  Prober-mode  pulse  was  recorded  for  an  output  frequency  of  10  MHz  and  exhibits  a 
time  sidelobe  of -19.5  dB  relative  to  the  main  nulse. 

Host  Power  Amplifier  and  Antenna  System 

It  is  anticipated  that  the  Wideband  HF  Channel  Prober  will  be  capable  of  operating  in  conjunction 
with  a  number  of  different  power  amplifier/antenna  systems.  The  system  used  initially  is  the  "Sea- 
Echo"  radar  transmitter  on  San  Clemente  Island,  Fig.  25.  The  antenna  array  consists  of  25  vertical 
half-rhombic  elements  with  three  selectable  antenna  lengths.  The  array  azimuthal  beamw,dth  is  2°  at 
16  MHz  and  can  be  extrapolated  to  other  frequencies  according  to  inverse  wavelength.  Figure  26  illus¬ 
trates  the  gain  variation  vs  frequency  for  the  three  rhombic  antenna  lengths  at  an  elevation  angle  of  2°. 
Figure  27  shows  antenna  elevation  patterns  at  6.0  MHz  for  the  three  antennas  and  for  two  different 
element-phasing  arrangements.  Figure  27a  illustrates  the  elevation  pattern  obtained  for  equal  phase 
weighting  of  all  the  elements,  resulting  in  a  broadside  radiation  pattern.  The  elevation  pattern  obtained 
in  this  case  is  identical  to  that  of  a  single  element.  Figure  27b  corresponds  to  the  elevation  pattern 
obtained  when  the  array  is  phased  for  a  main  beam  in  ;he  direction  of  Point  Mugu.  The  patterns  of 
Fig.  27b  are  representative  of  the  types  of  elevation  patterns  to  be  expected.  A  detailed  description  of 
the  antenna  design  and  configuration  is  given  in  Ref,  7, 

Each  element  of  the  array  is  driven  by  a  separate  power  amplifier  capable  of  delivering  an  average 
output  of  500  W,  The  amplifiers  are  designed  for  a  maximum  duty  factor  of  33%.  The  system  is  capa¬ 
ble  of  an  average  output  power  of  12.5  kW,  A  complete  descriotion  of  the  power  amplifier  is  given  in 
Ref,  8. 


I9*3»5MHi 


AMPLITUDE 
RESPONSE  MB) 


uTr 


Fig  —  Transrnitung-antenna  arra> 


19 


WAGNER,  GOLDSTEIN,  AND  CHAPMAN 


Fig.  26  —  Transmitting-antemu  pin  va  frequency  at  elevation  angle  of 
2*  (one-way  pin) 
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Fig.  27  -  Transmitting-antenna  elevation  pattern  at  6  MHz:  (a)  Elevation  pattern  for  broadside 
main  lobe;  (b)  Elevation  pattern  for  main  lobe  pointing  in  the  direction  of  Point  Mugu 


Receiver 

The  receiving-system  block  diagram  is  shown  in  Fig,  28.  The  station  frequency  standard,  the  tim¬ 
ing  module,  and  the  control  module  operate  in  precisely  the  same  manner  and  perform  the  same  func¬ 
tions  as  the  transmitting  site.  At  the  receiving  site  the  control  module  has  the  added  responsibility  of 
providing  the  real-time  processor  (Digital  Equipment  Corp.  [DEC)  model  PDP-11/34  minicomputer) 
with  detailed  information  regarding  operating  mode,  frequency  pointer,  AGC-samp!e  timing,  and 
correlation-start  synchronization.  Modules  unique  to  the  receiver  site  are  the  antenna-preamplifier,  the 
HF  receiver,  the  correlation  processor  and  the  real-time  processor. 
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Fig.  28  —  Receiving-system  block  diagram 


The  receiving  equipment  consists  of  five  racks  of  equipment  plus  a  printer-plotter  and  two  com¬ 
puter  terminals,  as  shown  in  Fig.  29.  Two  of  the  racks  house  '.he  PDP-ll/34  and  the  magnetic  tape 
and  disk  units.  The  correlation  processor  occupies  a  rack  by  itsell,  and  ihe  receiver  and  the  timing  and 
control  modules  occupy  the  remaining  two  racks  All  of  the  receiving  equipment  is  contained  in  a 
trailer.  Fig.  30,  for  easy  transportability.  The  only  receiver-sile  requirements  are  access  to  adequate 
power  and  telephones  and  a  sea  path  for  support  of  the  ground  wave  between  transmitter  and  receiver. 


hg  2S  —  Wideband  lit  C  hannel  Prober  reiener'proi.c\M>r 
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Fig.  JO  -  Reccivmg*sysicm  trailer 


A  ntenna/Preamplifier 

Two  different  antenna/preamplifier  circuits  have  been  designed  for  the  Wideband  HF  Channel 
Prober.  The  first  is  a  short  whip  transfurmer-coupled  to  a  Norlin  model  304  wideband,  high-dynamic- 
range  amplifier,  Fig.  31a.  Figure  31c  contains  curves  of  calculated  and  measured  coupling  less  for  the 
whip  antenna  and  its  input  circuit.  These  curves  show  a  substantial  discrepancy,  presumably  associated 
with  inaccuracies  in  modeling  the  whip  antenna.  The  whip  height  is  2.5  m,  and  therefore  it  should 
resonate  at  30  MHz.  The  coupling  transformer  was  selected  to  produce  a  deliberate  mismatch  at  30 
MHz,  causing  the  system  noise,  including  the  elTects  of  receiver  back-end  noise,  to  approach  quasi¬ 
minimum  noise  (9).  The  receiver  noise  characteristic  referred  to  the  whip-antenna  input  terminals  and 
the  curve  of  quasi-minimum  noise  (QMN),  both  expressed  as  equivalent  noise  factors,  are  compared  in 
Fig.  32. 


The  second  antenna/ preamplifier  consists  of  a  small  vertical  loop  (1-m  diameter)  coupled  to  a 
Norlin  model  304  amplifier  by  a  1:1  turns  ratio  transformer,  as  shown  in  Fig.  31b.  Ohmic  losses  are  a 
significant  loss  factor  for  the  loop,  over  and  above  mismatch  losses,  because  the  radiation  resistance  is 
less  than  or  comparable  to  the  loop  ohmic  resistance  over  the  entire  HF  band  Figure  31c  contains  a 
curve  of  calculated  and  measured  couphng-loss  for  the  small  loop  antenna  and  its  input  circuit.  The 
:  greater  coupling-loss  factor  of  the  small  loop,  compared  with  the  2.5-m  whip,  is  evident  from  this  set  of 

curves.  The  measured  coupling  losses  for  the  loop  are  seen  to  provide  a  good  fit  to  the  calculated 
t  curve.  A*1  turns  ratio  transformer  was  selected  as  providing  the  best  system  noise  factor  for  the  loop 

s  over  the  I'F  band.  System  noise  factor,  including  the  effects  of  receiver  back-end  noise,  referred  to  the 

i  loop  terminals,  is  shown  in  Fig.  32,  which  illustrates  the  dominance  of  receiver  noise  over  QMN  exter- 

|  nal  noise  in  determining  system  sensitivity  with  the  loop. 
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The  vertical  loop  was  selected  as  a  receiving  antenna,  despite  its  poorer  noise  performance, 
because  of  its  desirable  pattern  characteristics.  It  provides  a  maximum  gain  at  high  elevation  angles  and 
a  radiation  pattern  null  normal  to  the  plane  of  the  loop.  This  permits  control  of  the  relative  amplitude 
of  the  ground-wave  and  sky-wave  components  by  rotation  of  the  loop  about  its  vertical  axis.  At  short 
ranges,  the  ground-wave  signal  tends  to  be  very  strong  relative  to  the  sky  wave,  and  we.'k  sky-wave 
returns  can  be  obscured  by  the  time  sidelobes  of  the  ground-wave.*  Rotation  of  the  loop  is  used  to 
weaken  the  ground-wave  signal  and  its  time  sidelobes,  thereby  "uncovering"  the  weak  sky-wave  returns. 

HF  Receiver 

The  HF  receiver  is  a  variable-gain,  frequency-agile  receiver  with  a  bandwidth  of  either  125  kHz  or 
1  MHz,  depending  on  the  mode  of  operation.  All  local-oscillator  frequencies  are  generated  from  a  very 
stable  station  standard  permitting  coherent  detection  of  in-phase  and  quadrature-phase  video  outputs.  A 
block  diagram  of  the  HF  receiver  is  shown  in  Fig.  33. 

The  input  attenuator  is  included  for  noise-equalization  purposes.  It  provides  a  means  for  reducing 
the  dynamic-range  requirements  of  the  receiver  in  the  presence  of  a  dominant  external  noise  whose 
spectral  density  varies  significantly  over  the  HF  band.  The  input  attenuator  consists  of  four  separate 
attenuators,  each  adjustable  between  0  and  10  dB  in  1-dB  steps.  Each  attenuator  is  intended  to  cover  a 
different  subrange  of  the  HF  band.  A^enuator  switching  is  controlled  by  the  control  module  which, 
depending  on  the  operating  frequency,  switches  one  of  the  four  attenuators  into  the  circuit.  The 
attenuators  are  coaxial,  metallic-film,  resistor  pi-sections,  and  they  have  negligible  insertion  loss. 
Switching  is  accomplished  by  TTL  logic  driving  reed  relays. 

The  KF  preselector  restricts  the  input-frequency  spectrum  to  the  HF  subband  of  interest.  The 
preselector  consists  of  sixteen  1-MHz-bandwidth  niters  covering  the  range  from  I  to  17  MHz,  one  3- 
MHz-bandwidth  filter  covering  the  range  17  to  20  MHz,  and  two  5-MHz-bandwidth  filters  covering  the 
range  20  to  30  MHz.  Filter  switching  is  controlled  by  the  control  module  according  to  the  frequency. 
The  filters  are  a!!  of  the  elliptic-function  type  with  equal  ripple  in  the  pass  and  reject  bands.  The  reject 
band  response  *s  at  least  -60  dB.  The  module  was  part  of  a  Bendix  model  R-16S2  wideband  surveil¬ 
lance  receiver.  •  typical  I -MHz-bandpass  filter  characteristic  is  shown  in  Fig.  34.  Preselector  insertion 
loss,  averaged  over  the  filter  passband,  is  shown  in  Fig.  35. 

The  first  mixer  is  a  Mini-Circuits  Laboratory  model  ZAD-3B  double-balanced  mixer.  The  mixer 
takes  a  +7-dBm  local-oscillator  drive  and  has  a  nominal  1-dB  compression  point  of  + 1  dBm.  Insertion 
loss  is  approximately  6  dB  over  the  band  of  interest  and  isolation  between  local  oscillator  and  IF  ports  is 
of  the  order  of  40  dB. 

The  first  local  oscillator  is  a  PTS  model  160  direct-frequency  synthesizer,  which  is  remotely  con¬ 
trolled  by  the  control  module  so  as  to  heterodyne  the  input  signal  to  the  39.5-MHz  IF.  This  is  the 
same  model  used  in  the  exciter  down-converter. 

The  IF  filter  is  a  I -MHz,  six-pole,  modified  Butterworth  tubular  bandpass  filter  in  the  Prober 
mode  a  id  a  125-kHz  crystal  filter  with  an  approximately  Gaussian  characteristic  in  the  Sounder  mode. 
Frequency-response  characteristics  of  these  filters  are  given  in  Figs.  36  and  37.:  Filter  switching  is 
governed  by  the  control  module.  Insertion  loss  for  the  125-kHz  filter  is  13  dB.  Attenuation  har  been 
added  in  series  with  the  1-MHz  filter  tc  equalize  the  gain  for  the  two  paths. 


•The  lime  sideicbes  referred  10  here  are  those  associated  with  the  correlation  function  of  the  PN  sequence  <cf  Fig  17)  rather 
than  those  resulting  from  the  nonlinear  phase  characteristic  of  the  exciter  and/or  receiver  These  sidelobes  persist  over  an  inter¬ 
val  equal  to  twice  the  duration  of  ’.he  PN  sequence  and  therefore  fill  the  entire  pulse-response  interval 
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F«.  34  -  Receiver-preietectof  filter  cheracteristic.  1 1  lo 
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[  The  !F  amplifier  is  a  customized  version  of  a  commercially  available  amplifier  (RHG  Electronics 

!  Laborator;  inc.,  model  EST-39G28BA).  The  amplifier  has  a  maximum  gain  of  82  dB,  a  center  fire- 

;  quency  of  3*? f  MHz,  a  3-dB  bandwidth  of  5.6  MHz,  a  1-dB  compression  point  of  +15  dBm,  a  noise 

|  figure  of  2.5  dB,  and  a  measured  third-harmonic  intermodulation  distortion  intercept  point  of  +30 

dBm.*  The  amplifier  was  designed  for  operation  either  in  a  fixed-gain  mode  or  in  an  AGC  mode 
|  (switch  SI,  Fig.  33), 

The  AGC  control  characteristic  of  the  amplifier  is  shown  in  Fig.  38.  The  amplifier  has  been 
modified  so  that  it  can  accept  an  internally  generated  or  an  externally  generated  AGC  voltage  (switch 
S3,  Fig.  33).:  When  the  switch  is  in  the  external-AGC  position,  the  AGC  voltage  is  generated  in  the 
PDP  11/34  computer. 


Computer-controlled  AGC  is  the  preferred  mode  of  operation.  In  this  mode  of  operation  the  gain 
of  the  IF  amplifier  is  controlled  by  a  voltage  generated  in  the  real-time  processor  by  its  sampling  of  the 
I  and  Q  voltage  outputs  from  the  receiver.  This  sampling  process  is  done  once  per  correlation  during 
an  "idle"  sequence  of  the  signal  format.  The  idle  sequence  is  an  ordinary  PN  sequence  during  which 
the  signals  are  not  used  in  the  correlation  calculation.  The  purpose  of  the  idle  sequence  is  to  allow  time 
for  all  switches  and  synthesizers  to  settle,  to  allow  for  timing  differences,  to  allow  for  transit-time  delay 
between  transmitter  and  receiver,  and  to  permit  time  for  establishing  an  appropriate  value  of  IF- 
amplifier  gain.  Once  established,  the  IF-ampi'fier  gain  is  held  constant  for  the  duration  of  a  correction 
cycle,  which  can  vary  from  90  ms  (integration  -  1)  to  0.5  s  (integration  -  8).  The  time  perird  for 
sampling  the  receiver  output  for  AGC  purposes  is  defined  by  the  control  module.  The  AGC  loop 
includes  the  IF  amplifier,  the  video  section  of  the  receiver,  and  an  analog-to-digital  converter,  which  is 
part  of  the  correlation  processor  but  which  connects  directly  to  the  real-time  processor  during  the  idle 
sequence. 

The  control  algorithm  implemented  by  the  computer  limits  the  IF-amplifier  output  to  an  average 
output-power  level  of  -9  dBm.  For  the  quoted  intercept  point  of  the  amplifier,  this  implies  that  third- 
order  intermodulation  distortion  due  to  the  IF  amplifier  will  be  down  at  least  78  dB  relative  to  the  max¬ 
imum  output  signal. 


’The  miermodulation  distortion  was,  measured  at  fixed  gam  with  the  output  video  deieeior  disconnected  and  wah  the  AGC  delay 
threshold  set  lor  maximum  delay 
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An  alternative  moue  ot  AGC  operation  involves  the  use  of  an  AGC  voltage  internally  generated 
within  the  IF-amplifier.  The  IF  amplifier-generated  AGC  voltage  has  a  threshold  controlled  by  the  set¬ 
ting  of  the  AGC  delay  potentiometer.  This  controls  the  bias  on  the  AGC  rectifier  diode,  which  controls 
the  signal  level  at  which  AGC  action  commences.  This  level  is  set  to  its  highest  value  (maximum 
delay)  to  minimize  intermodulation  distortion  introduced  by  the  AGC  rectifier  diode.  The  AGC  vol¬ 
tage  is  sampled,  smoothed,  and  held  in  a  sample-and-hold  circuit  for  the  duration  of  the  correlation 
cycle.  This  results  in  a  fixed-gain  amplifier  whose  gain  is  set  just  prior  to  the  start  of  correlation  accord¬ 
ing  to  the  signal  level  prevailing  at  that  time.  The  AGC  sample  period  is  determined  by  a  2-ms  sam¬ 
pling  pulse  generated  in  the  control  module.  The  sampling  pulse  is  generated  during  the  idle  sequence 
of  the  correlation  cycle  and  is  suitably  delayed  relative  to  the  time  of  frequency  switching  so  that  all 
mechanical  and  electronic  components  have  had  time  to  settle.  The  sampled  signal  is  averaged  over  a 
l -ms  time  interval  in  a  low-pass  filter  integral  to  the  sample-and-hold  circuit.  Amplifier-controlled 
AGC,  with  the  AGC  threshold  delay  set  to  maximum,  results  in  a  maximum  IF-amplifier  output  level 
of  + 10  dBm.  Intermodulation  distortion  introduced  by  this  level  of  output  signal  can  be  as  high  as  40 
dB  below  the  maximum  output  signal. 

The  IF  amplifier  is  followed  by  an  IF  attenuator,  a  power  splitter,  and  a  pair  of  high-dynamic- 
range  quadrature  mixers  (Mini-Circuits  Lab,  model  ZAY-1B).  The  mixers  require  +23  dBm  of  local- 
oscillator  drive,  and  they  have  a  nominal  1-dB  compression  level  of  +15  dBm,  a  nominal  insertion  loss 
of  6  dB,  40  dB  of  isolation  between  LO  and  RF  ports,  and  40  dB  of  isolation  between  the  LO  and  IF 
ports.  The  local-oscillator  frequency  is  39.5  MHz  for  beating  of  the  IF  signal  to  baseband.  The  local- 
oscillator  signal  is  provided  by  a  General  Radio  (GR)  model-1 146A  phase-locked-loop  synthesizer, 
operated  at  fixed  frequency,  identical  to  the  39.5-MHz  carrier  source  in  the  transmitter  exciter.  Both 
the  PTS-160  and  the  GR-1146A  are  phase  locked  to  the  5-MHz  station  standard,  resulting  in  a  phase- 
stable  receiver. 

The  second  mixers  (I  and  Q)  are  followed  by  seven-pole,  tubular,  low-pass  filters  of  Butterworth 
design  and  negligible  insertion  loss.  Depending  on  mode,  filters  of  (25-kHz  or  1-MHz  bandwidth  are 
switched  into  the  circuit.  Response  characteristics  of  these  filters  are  given  in  Figs.  39  and  40. 


Fig  39  —  Receiver  low-pa  ss-ftller  response,  Prober  mode 
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Fy.  40  -  Receiver  k>w-p»ss-fiHer  response.  Sounder  mode 


The  video  amplifiers  are  Optical  Electronics  Inc.  model-9412  operational  amplifiers  with  a  gain- 
bandwidth  product  of  3  x  10s,  an  output  voltage  swing  of  ±  10  V  into  50  O,  a  slew  rate  of  ±200  V/^s 
and  an  overload  recovery  lime  of  300  ns.  The  amplifiers  arc  configured  for  a  voltage  gain  of  44  (41  for 
Q  Channel)  into  a  1000-0  load  (Fig.  41).  The  power  gain,  assuming  a  50-ft  input  impedance,  is  20.0 
dB. 

3.6kO 


Fig  41  —  Video-amplifiei  schematic 


With  IF-amplifier  gain  limited  by  AGC  action,  and  assuming  computer  controlled  AGC,  the 
video-amplifier  output  will  be  limte  !  to  ±1.77  V  (peak)  for  the  signal-dominated  case  and  0.8  V  (rms) 
for  the  noise-dominated  case.  These  translate  to  an  average  output  power  of -2  dBm.  Taking  account 
of  receiver  back-end  gains  and  losses,  this  translates  to  an  IF-amplifier  average  power  output  of  -9 
dBm.  In  the  case  of  amplifier-controlled  AGC,  the  controlled  output  level  of  the  IF  amplifier  is  deter¬ 
mined  by  the  setting  of  the  AGC  delay  threshold  potentiometer.  The  output  power  can  be  varied 
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between  plus  and  minus  lOdBm,  depending  on  the  potentiometer  setting.  Given  the  output  of  the  IF 
amplifier,  the  level  of  input  to  the  correlation  processor  is  then  controlled  by  the  IF  attenuator,  which  is 
adjusted  so  as  to  accommodate  the  received  signals  without  excessive  signal  clipping. 

Because  of  its  intended  use  as  an  instrument  for  defining  the  wideband  pulse  response  of  the  HF 
ELOS  channel,  the  pulse  response  of  the  Wideband  HF  Channel  Prober  receiver  itself  is  of  great 
interest.  Examples  of  the  receiver  pulse  response  are  shown  in  Figs.  42,  43,  and  44.  Figure  42  shows 
the  receiver  sounder-mode  pulse  response,  for  an  HF  frequency  of  3.5  MHz,  (a)  at  the  output  of  the 
IF-amplifier,  and  (b)  at  the  video-amplifier  output.  The  IF-amplifier  output  shows  negligible 
degradation  of  the  pulse  shape  due  to  enhanced  time  sidelob^s  after  the  pulse  passes  through  the 
preselector  and  IF  filters.  This  is  readily  explained  by  the  fact  that  the  signal  bandwidth  is  small  (125 
kHz)  compared  to  the  preselector  filter  bandwidth  and  by  (he  fact  that  the  IF  filter  is  a  Gaussian  filler. 
Figure  42b  shows  evidence  of  time  sidelobes  generated  in  the  receiver  back  end,  most  likely  due  to  the 
seven-pole,  125-kHz-bandwidlh,  low-pass  Butler wtrth  filter.  The  amplitude  of  these  time  sidelobes,  as 
estimated  from  Fig.  42,  is  -21.5  dB. 


(b> 


fig  42  -  Receiver  pulse  response.  Sounder  mode,,  .t  5  Mil/ 
(a >  IF  outpui  < b )  video  ouipui 
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Figure  43  shows  the  receiver  pulse  response  for  the  Prober  mode  at  an  HF  frequency  of  3,5  MHz. 
In  this  case  the  signal  bandwidth  is  the  same  as  the  preselector  bandwidth,  and  Figs  43a  and  43b 
present  clear  evidence  for  the  deleterious  effect  of  the  preselector  input  filter  on  the  time  sidelobes. 
Figure  43c  shows  the  output  of  the  video  amplifier.  The  time  sidelobes  evident  in  this  curve  are  of  the 
order  of  -14.5  dB  and  are  consistent  with  the  sidelobe  levels  observed  at  the  IF  amplifier  output. 

Figure  44  is  the  same  as  Fig.  43  except  for  the  frequency,  which  in  this  case  is  27.5  MHz.  At  this 
frequency  the  preselector  bandwidth  is  5  MHz,  and  consequently  the  preselector  filter  has  a  substan¬ 
tially  curtailed  effect.  Figure  44c  shows  very  low  time  sidelobes,  and  these  are  most  likely  the  result  of 
the  seven-pole,  1-MHz-bandwidth,  low-pass  Butterworth  filter.  The  time  sidelobes,  in  this  case,  are 
estimated  to  be  -27.5  dB. 

Correlation  Processor 

The  correlation  processor  consists  of  four  separate  modules:  the  input  buffer,  the  correlator,  the 
computer  interface,  and  the  timing  and  control  unit.  A  block  diagram  of  the  correlation  processor  is 
shown  in  Fig.  45. 

The  input  buffer  consists  of  a  sampie-and-hold  module,  a  12-bit  analog-to-digital  (A/D)  converter 
for  both  the  I  and  Q  channels,  and  an  integrating  double  buffer.  The  A/D  converter  sample  resolution 
is  0.5  /i s  in  the  Prober  mode,  and  the  sampling  rate  is  250  kHz  (4-ms  sampling  period).  During  a  sin¬ 
gle  frame  of  the  correlation  cycle,  the  pulse  response  is  evaluated  at  a  series  of  2047  points  spaced  by 
the  sampling  period.  During  each  subsequent  data  frame,  the  sampling  window  is  shifted  by  0.5  /is  and 
the  pulse  response  in  the  adjacent  set  of  points  is  evaluated.  Eight  repetitions  (frames)  result  in  a  de¬ 
lineation  of  the  channel  pulse  response  to  a  0.5*/is  resolution.  A  similar  procedure  applies  in  the  case 
of  the  Sounder  mode,  except  that  the  sample  resolution  is  4  /is  and  the  sampling  rate  is  31.25  kHz 
(32-/is  sampling  period).: 

The  integrating  double  buffer  uses  one  half  of  its  memory  as  an  input  buffer  for  storing  new  data, 
while  the  other  half  acts  as  an  output  buffer  to  the  correlator.  It  represents  a  convenient  place  for  sig¬ 
nal  integration,  which  serves  a  dual  purpose:  (1)  signal-to-noise  ratio  improvement  and  (2)  reduction  of 
the  system  throughput  rate.  The  integrating  double  buffer  is  capable  of  summing  the  results  of  one, 
two,  four,  or  eight  contiguous  PN  sequences. 

The  correlator  consists  of  64  separate  correlators  (32  for  I  and  32  for  Q)  operating  in  parallel. 
Data  from  the  integrating  double  buffer  are  read  into  the  correlators  at  an  8-MHz  rate.  Sums  or 
differences  of  adjacent  chips  are  formed  and  read  into  the  correlator  as  warranted  by  the  sequence. 
This  reduces  the  number  of  data  elements  from  2047  to  1023  plus  an  odd  or  unpaired  term.  In  the 
Prober  mode,  32  correlations  (2047  chips  or  1023  pairs)  are  completed  in  128  /is,  for  a"  average  data 
rate  of  250  kHz  on  each  low-speed  output-data  bus.  Upon  completion  of  a  given  set  of  correlations, 
the  process  is  repeated  64  times  for  a  total  of  2047  correlations  in  an  8-ms  period.  At  each  repetition 
the  stored  transmitter  replica  (PN  sequence)  in  ihc  correlator  is  rotated  to  match  a  different  set  of  sig¬ 
nal  delay  times.  In  the  Sounder  mode  the  process  needs  only  to  be  repeated  eight  times  to  completely 
define  a  set  of  255  correlations  per  8-ms  PN-sequence  interval. 

The  computer  interface  is  a  first-in/first-out  (FIFO)  stack  designed  to  act  as  a  data  spool  between 
the  high-speed  correlator  and  the  slower  real-time  processor.  The  FIFO  buffer  is  actually  three  16-bit 
stacks:  one  for  the  1  signal  value,  one  for  the  Q  signal  value,  and  one  for  storing  the  signal  (tap)  delay 
relative  to  some  arbitrary  reference.  The  capacity  of  the  stack  was  set  to  accommodate  255  separate  I 
and  Q  value  pairs.  This  assures  no  stack  overflow  in  the  Sounder  mode,  provided  the  stack  can  be 
emptied  by  the  computer  prior  to  the  next  influx  of  correlation  products.  In  the  Sounder  mode  the 
minimum  time  b^'ween  generation  of  a  new  set  of  255  I  and  Q  value  pairs  i>  %  ms ,  which  converts  to 
an  average  of  350  /is  available  for  processing  each  pair  of  values. 
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Fig.  45  -  CorreUiton-processor  block  digram 


In  the  Prober  mode,  2047  correlation  pairs  are  generated  during  each  PN-sequence  period.  To 
avoid  overflow  of  the  FIFO  buffer,  some  form  of  data  selection  must  be  used.  The  method  imple¬ 
mented  is  a  simple  amplitude  thresholding  where,  if  either  I  or  0  exceeds  a  prescribed  threshold  value, 
both  samples  are  passed  to  the  FIFO  buffer.  If  both  are  below  the  threshold,  then  the  values  are  dis¬ 
carded.  The  principle  involved  in  this  type  of  discrimination  is  that  most  of  the  correlator  output 
values  are  noise  and  only  a  few  of  the  total  number  of  outputs  correspond  to  signal.  Assuming  a 
sufficiently  large  value  of  signal-to-noisc  ratio  (after  correlation  processing),  a  simple  amplitude- 
threshold  gate  should  be  an  effective  means  of  controlling  FIFO-buffer  overflow. 

Because  of  the  variability  of  signal  and  noise  levels,  both  in  time  and  in  frequency,  it  is  necessary  j 

that  the  threshold  be  adaptive  to  the  signal  environment.  The  threshold  used  by  the  correlator  output 
interface  is  set  by  the  real-time  processor  based  on  the  number  of  samples  found  in  the  FIFO  buffer 
during  the  last  PN  sequence  that  was  processed.  The  algorithm  is  adaptive  and  is  designed  to  limit  the 
sample  pairs  to  a  number  smaller  than  the  buffer  capacity. 

A  more  complete  description  of  the  correlation  process  can  be  found  in  the  final  report  issued 
by  the  manufacturer  i!0].: 

Real-Time  Processor 

t 

The  real-time  processor  is  a  DEC  model  PDP  U/34  minicomputer  equipped  with  128  kwords  of  i 

RAM  memory,  2  kbytes  of  CACHE  memory,  an  FP1 1  hardware  floating  point  processor,  two  5-Mbyte  J 

RL-01  disk  units,  and  a  TE-1CW  magnetic-tape  unit.  The  PDP  11/34  is  the  primary  input  device  for  i 

experiment  control  parameters.  The  computer  reformats  the  experiment  parameters  and  manages  the 
communication  protocol  for  transferring  the  data  to  the  local  and  remote  control  modules.  The  real¬ 
time  processor  controls  the  operational  mode  of  the  correlation  processor  and  accepts  and  stores  data 
from  it.  Computer  memory  is  organized  as  a  ping-pong  double  buffer,  with  one  half  acting  as  the  input 
buffer  while  the  otner  half  is  an  output  buffer  to  magnetic  tape  and/or  disk  for  permanent  storage. 

Other  operations  performed  by  the  real-time  processor  are  "closed-loop  AGC"  adjustment  of  IF 
amplifier  gain,  adaptive  modification  of  FIFO  buffer  threshold,  and  assignment  of  Prober-mode  delay  s 

windows,  't  he  window  gating  of  received  signals  in  the  Prober  mode  is  needed  to  restrict  the  quantity  ‘ 

of  data  to  limits  which  the  magnetic  tape  unit  can  handle  in  real  time.  , 
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Software  design  details  of  the  real-time  processor  will  be  given  in  a  separate  technical  memoran¬ 
dum  report. 

INITIAL  EXPERIMENTAL  RESULTS 

Initial  experimental  trials  were  conducted  during  February  1982  between  the  Sea-Echo  radar  site 
on  San  Clemente  Island  and  a  receiving  station  at  the  Pacific  Missile  Test  Center,  Point  Mugu,  Califor¬ 
nia.  A  map  of  the  test  area  is  shown  in  Fig.  46.  Transmission  tests  were  initially  conducted  on  9 
February  and  repeated  on  10  February  on  frequencies  of  4.2,  6.3,  13.3,  and  26.5  MHz  using,  at 
different  times,  all  three  of  the  tiansmitting  antennas  and  using  average  power  levels  ranging  between 
10  W  and  l  kW.  Receiver  video  output  signals  were  monitored  at  the  HF-receiver  site.,  Oscilloscope 
photos  of  typical  Sounder-mode  and  Prober-mode  video  outputs  are  shown  in  Fig.  47.  The  results  indi¬ 
cate  excellent  signal-to-noise  ratios  for  the  Sounder  mode  and  satisfactory,  although  substantially  lower, 
signal-to-noise  ratios  for  the  Prober  mode.  These  measurements  were  made  using  the  2.5-m  whip  as  a 
receiving  antenna  and  reflect  mainly  the  power  received  in  the  ground-wave  mode,  the  dominant 
received-signal  component.  A  small  sky-wave  contribution  to  the  quadrature  component  of  the 
Sounder-mode  signal  is  evident  in  Fig.  47a. 


Fig  46  -  Map  of  lest  area 
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Fig.  47  —  Receiver  video  recorded  tt  Point  Mugii,  6.3  MHz  (upper  trace,  in-phase  video; 
lower  trace,  quadrature-phase  video):  (a)  Sounder  mode  (b)  Prober  mode 


Pewer  Measurements 

Transmitter  power  measurements  were  made  with  a  built-in  power  monitor  which  can  record 
incident  and  reflected  power  at  each  antenna  of  the  array.  The  power  monitor  was  designed  for  pulses 
that  are  longer  than  those  used  in  the  Wideband  HF  Channel  Prober  application  and,  consequently,  an 
alternative,  off-line,  power-measurement  procedure  has  been  devised.  This  procedure  involves  the 
monitoring  of  the  exciter  output  during  operations  and,  subsequently,  repeating  the  operation  with 
pulses  longer  than  the  exciter  pulses  but  of  the  same  amplitude.  With  this  procedure,  power  measure¬ 
ments  as  shown  in  Table  I  were  obtained. 


Table  !  -  Transmitter-Power  Measurements 
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Av  Power  (W) 

Av  Power  Corrected  (W) 

Sounder 

Prober 

Sounder 

Prober 

— D 

mmm 

mfim 

78 

85 

4266 

1 

240 

21.5 

1380 

WEm 

54 

28.7 

275 

■9 

173 

10 

Subsequent  investigation  has  revealed  that  the  transmitter  power  output  is  sensitive  to  pulse 
length  and  that  the  actual  transmitter  power  with  an  8-ps  pulse  is  approximately  2  dB  lower  than  ;!(at 
measured  by  the  long-pulse  substitution  method  Similarly,  transmitter  power  for  a  1  -/as  pulse  is 
approximately  8  dB  lower  than  that  measured  with  the  long  pulse.  Table  I  contains  additional  entries 
showing  transmitter  power  corrected  for  the  pulse-width  dependence.  These  corrected  values  show  a 
ratio  of  Sounder-mode  to  Prober-mode  power  of  10  to  12  dB.  This  ratio  was  generally  confirmed  by 
signal-lex  e1  measurements  at  the  receiver  site. 

Sounder-Prober  transmitter-power  equalization  has  been  accomplished  by  altering  the  levels  of 
exciter  drive  to  the  power  amplifier  between  the  two  modes.  It  has  been  found  that  6  dB  more  drive  in 
the  Prober  mode  results  in  roughly  equal  power.  Figure  48  shows  output  power  vs  frequency  for  a  sin¬ 
gle  power  amplifier  operating  into  a  dummy  load  in  both  the  Sounder  and  Prober  modes. 
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FREQUENCY  (MMj) 


Fig.  48  —  Sea-Echo  power-amplifier  output,  operation  into  dummy 
load;  power  amplifier  drive  levels:  (A)  12-V  (p-p)  Prober  mode,  (O) 
7  5  V  (p-p)  Sounder  mode 


Sounder-Mode  Observations 


Sounder-mode  (125-kHz  bandwidth)  observations  were  originally  intended  to  characterize  the 
ionosphere  in  a  conventional  "ionosonde*  format.  The  sensitivity  of  the  instrument,  however,  results 
in  i»s  providing  much  more  information  than  is  normally  available  in  a  conventional  ionosonde  and  in  a 
bandwidth  that  is  not  narrow,  even  considered  in  the  context  of  modern  communication.  Examples  of 
sounder  observations  made  with  this  instrument  are  shown  in  Figs.  4?  and  50,  which  are  isometric  "3-D 
hidden-line"  plots  of  a  series  of  pulse-response  characteristics  made  on  frequencies  covering  a  portion 
of  the  HF  band.  Only  frequencies  below  10.5  MHz  are  shown  on  the  ionograms  because  of  picture  size 
limitations  of  the  CRT  used  for  plotting  purposes.  The  presentation  is  of  data  uncorrected  for  AGC 
gain  variations,  as  is  customary  in  ionosonde  displays.  The  data  are,  furthermore,  thresholded  in  order 
to  eliminate  time  sidelobes  of  the  ground  wave,  which  would  otherwise  clutter  the  display.  The  iono¬ 
sonde  format  provides  the  frequency-delay  characteristic  necessary  for  the  classification  of  the  signal 
modes.  Ground-wave,  one-hop  E,  one-hop  sporadic  E  one-hop  F2,  and  two-hop  F2  modes  are  evident 
in  Figs.  49  and  50.  Ordinary  ( 0 )  and  extraordinary  (X)  components  of  the  sky-wave  returns  are  distin¬ 
guishable  and  are  indicated  on  the  figures. 


F2  MODE 


Fig  44  —  Wideband  HF  f'hunnel  Prober  lonogruni.  evening 
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Fig  50  —  Wideband  HF  Channel  Prober  tonogram,  morning 

it  is  instructive  to  view  the  Sounder-mode  pulse  response  at  a  single  frequency.  This  is 
equivalent  to  viewing  a  single  trace  of  the  ionograms  of  Figs.  49  and  SO,  with  the  one  difference  that 
the  thresholding  is  dispensed  with.  An  example  of  such  a  pulse  response  is  shown  in  Fig.  51  for  a 
transmitter  frequency  of  10.4  MHz.  It  can  be  readily  seen  from  this  figure  that  the  signal-to-noise  ratios 
for  the  ground  wave  and  one-hop  F2  sky  wave  are  75  and  30  dB,  respectively.  It  is  immediately 
apparent  that  a  substantial  body  of  low-level  sky-wave  return  is  obscured  by  the  time  sidelobes  of  the 
ground-wave  signal,  which  is  far  and  away  the  strongest  signal  present.  This  suggests  that  the  degree  of 
detail  available  regarding  sky-wave  modes  can  be  increased  substantially  by  selectively  reducing  the 
ground-wave  return  relative  to  the  sky  wave.  This  can  be  readily  accomplished  by  taking  advantage  of 
the  antenna  pattern  for  a  vertical  loop  antenna. 
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hg  51  —  Pulse  response.  Sounder  mode,  10  4  MH/ 
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Anolher  interesting  aspect  of  the  Sounder  data  is  the  presence  of  nighttime  sporadic-E  returns. 
An  expanded  examination  of  the  sporadic-E  pulse  reponse,  Fig.  52,  reveals  substantial  pulse  spreading, 
evident  even  with  a  bandwidth  of  125  kHz.  Other  data  indicate  a  rather  complex  dependence  on  fre 
quency.  This  can  most  likely  be  explained  in  terms  of  the  multilayered  nature  of  nighttime  sporadic  E. 
Wideband  observations  of  nighttime  sporadic  E  should  reveal  details  of  this  structure. 


FREQUENCY  2  3  MHl 
DATE  2/18/82 


Fig  52  —  Pulse  response.  Sounder  mode.  2  3  MH/ 


Prober-Mode  Observations 

In  the  Prober  mode,  the  number  of  data  samples  required  to  define  completely  the  channel  pulse 
response  over  an  8-ms  interval  is  much  too  large  to  be  handled  by  the  signal  processor  in  real  lime.  As 
a  consequence,  signal-observation  windows,  based  on  Sounder  data,  are  established  to  limit  the  volume 
of  data  that  needs  to  be  processed.  In  addition,  to  prevent  overflow  of  the  computer  interface  between 
the  correlator  and  the  computer,  amplitude  thresholding  is  used  to  limit  the  data  that  enter  the  buffer. 
Prober  data  are  thus  confined  to  preassigned  windows,  and  the  data  must  exceed  an  adaptively  es¬ 
tablished  threshold  to  be  stored. 

In  viewing  the  data,  one  usually  selects  a  window  corresponding  to  a  particular  signal  mode  (e.g., 
the  ground-wave,  the  single-hop  F2  layer  mode,  etc.)  and  examines  that  separately.  Figure  53  shows 
examples  of  the  ground-wave  signal  at  frequencies  of  5.5  and  8.5  MHz  received  at  the  Point  Mugu 
receiving  site.  Comparison  with  the  system  pulse  response,  as  measured  during  bench  tests,  indicates 
negligible  pulse  dispersion  associated  with  the  propagation  path  at  a  frequency  of  8.5  MHz.  T  his  result 
is  observed  at  all  frequencies  greater  than  8.5  MHz  as  well.  At  5.5  MHz,  significant  pulse  spread  is 
observed,  and  this  seems  to  be  characteristic  of  the  lower  HF  frequencies.  Sea  states  were  generally 
light  during  the  observation  period.  Dispersion  due  to  the  transmitter  power  amplifier  or  antenna  can¬ 
not  yet  be  ruled  out.  Further  examination  using  a  variety  of  transmitter  configurations  is  required. 


FREQUENCY  5  5  MHl  FREQUENCY  8  5  MH? 

DATE  2/22/82  DATE  2/22/92 

TIME  9  13  K)  TIME  9  5  19 


+  32  +64  +96  +128  +32  +64  +96  +128 


Lil  tbl 

I  ig  S3  —  Grouml-wa\e  puKe  response.  Prober  mode.,  (at  5  5  Mil/,  (b)  8  5  fall/ 
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Observations  confined  to  the  one-hop  F2-layer  time  window  are  shown  in  Figs  54  and  55  These 
are  isometric  "3-D  hidden-line"  plots  showing  signal  amplitude  in  decibels  vs  signal  delay  for  a  series  of 
lime  cuts  and  at  a  fixed  frequency.  The  threshold  or  "floor"  of  the  curve  is  established  by  the  actual 
data  threshold  of  the  earliest  cut.  The  data  for  frequencies  of  5.5  MHz  and  6  5  MHz  indicate  the  effect 
of  what  appears  to  be  a  traveling  ionospheric  disturbance  (TID)  on  the  pulse  delay  and  pulse  spread  of 
the  O  and  X  components  of  the  one-hop  F2-layer  mode.  Another  interesting  aspect  of  Fig  54  is  the 
presence  of  a  bifurcated  0  return  also  probably  related  to  the  presence  of  the  TID. 


DATE  2/22/82 
FREQUENCY  .  5  5MHt 


0  16  32  48  6  4  8  0  96  112  128  144  f 

DELAY  Ijis)  L  o  dB 


Pig  54  _  Pulse-response  lime  history,  Prober  mode,  one-hop  F2..  5  5  MH/ 


DATE  2/22/82 
FREQUENCY  •  6  S  mhi 


Fig.  55  —  Pulse-response  lime  history.  Prober  mode,  one-hop  F2,  6  5  Mil/ 


DISCUSSION 

Initial  measurements  with  the  Wideband  HF  Channel  Prober  have  demonstrated  that  the  instru¬ 
ment  is  capable  of  making  wideband  measurements  of  the  HF  F.LOS  channel  in  real  time  and  with  the 
sensitivity  and  precision  anticipated.  Acceptable  received-signal  levels  have  been  obtained  in  Sounder 
mode  (narrowband)  with  transmitter  average  power  ranging  between  200  and  3000  W.  Useful  Prober¬ 
mode  (wideband)  data  have  been  obtained  with  transmitter  average  power  ranging  between  10  and  300 
W.  Preliminary  results  support  the  claim  that  the  instrument  can  be  used  for  defining  the  channel 
characteristics  of  the  sporadic-E  and  the  one-hop  F2  modes.  It  is  apparent  from  some  of  the  observa¬ 
tions  that,  under  certain  special  conditions,  the  one-hop  F2  mode  can  support  l-MHz-bandwidth  signals 
for  limited  time  intervals  <cf  Fig.  55)  The  variability  of  the  delay  of  the  one-hop  F2-layer  mode  pro¬ 
pagating  through  a  gravuy-wave-modilied  ionosphere  is  clearly  illustrated  in  Figs.  54  and  55,,  and  ibis 
should  be  of  considerable  interest  to  communication  and  HF  direction  finding  system  designers 
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SUMMARY 

A  coded-pulse  radio  sounder  having  a  time  resolution  of  1  fis  has  been  built  and  tested.  The 
sounder  operates  in  one  of  two  modes,  a  narrow-bandwidth  (125-kHz)  Sounder  mode  and  a  wide- 
bandwidth  (1-MHz)  Prober  mode.  A  correlation  receiver  reconstructs  the  channel  pulse  response 
characteristic  in  real  time,  and  the  data  are  recorded  on  magnetic  tape  for  later  processing  off-line.  The 
measurement  format  consists  of  a  narrowband  scan  through  the  HF  channel,  followed  by  an  extensive 
interval  of  wideband  measurements,  followed  by  a  repetition  of  the  narrowband  scan.  Narrowbdiu, 
operation  is  used  for  providing  a  conventional  description  of  the  channel  (ionogram  for  the  skywave 
modes)  and  also  to  permit  the  placement  of  mode  delay  acceptance  windows  to  be  used  with  the  wide¬ 
band  mode.  Wideband  measurements  are  made  continuously  for  a  total  period  of  approximately  15 
min,  which  is  deemed,  a  priori,  to  be  the  time  for  statistical  stationarity  of  the  channel. 

The  Wideband  HF  Channel  Prober  is  designed  to  be  used  with  available  high-power,  wideband 
HF  transmitter  and  antenna  systems  and  is  intended  as  a  probing  device  for  investigating  the  wideband 
characteristics  of  the  HF  ELOS  radio  communication  channel.  Initial  measurements  have  been  made 
over  a  126-km  overwater  path  between  San  Clemente  Island,  off  the  coast  of  southern  California,  and 
Point  Mugu  on  the  southern-California  coast.  Results  show  a  great  variety  of  responses  for  the  sky- 
wave  modes,  depending  on  time  of  day  and  season  of  the  year  and  upon  the  degree  of  disturbance  of 
the  medium.  Results  showing  the  variation  of  dispersion  and  delay  of  the  one-hop  F2-layer  modes  in 
response  to  an  apparent  TID  are  illustrated  in  some  of  the  figures. 
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